Abstract Inflammation cell infiltration and cytokine expression are seen in the vascular walls and intervening stroma of resected brain arteriovenous malformation (bAVM) specimens, even in unruptured and previously untreated lesions. Macrophages may play a critical role in bAVM progression to rupture and could serve as a marker for rupture risk. We assessed feasibility of imaging macrophages within the bAVM nidus using ferumoxytol-enhanced magnetic resonance imaging (MRI) in four patients with already diagnosed bAVMs using iron-sensitive imaging (ISI; T2* GE MRI sequence). Patients were imaged at baseline and at either 1 day (n02) or 5 days (n0 2) after infusion of 5 mg/kg of ferumoxytol. Residual intravascular ferumoxytol obscured evaluation for uptake in bAVM vascular walls and stroma at the 1-day time point. The two cases imaged at 5 days showed less intravascular tracer but had signal loss in the nidal region consistent with ferumoxytol localization. One case underwent surgical resection; there was prominent vascular wall CD68 staining. Ferumoxytolenhanced MRI for assessing bAVM inflammatory cell burden appears feasible and has the potential to be developed as a biomarker to study lesional inflammatory events.
Introduction
Inflammation is increasingly recognized as a contributing factor in the underlying pathophysiology of brain arteriovenous malformations (bAVM). Examination of resected surgical specimens has demonstrated markedly increased expression of inflammatory cytokines and proteases including 1000-fold increase in Interleukin-6 and 50-fold increase in matrix metalloproteinase (MMP)-9, compared to the normal brain [1, 2] . MMPs play a role in the pathogenesis of intracranial hemorrhage (ICH) by degrading structural elements of the vascular wall [3] . In pro-angiogenic environments, such as the one that exists in the bAVM nidus [4] , macrophages may have a major contribution to MMP-9 activity [5] . In bAVM tissue, macrophages and other inflammatory cells [1, 2, 6] are seen in the vascular walls and intervening stroma, even with no history of rupture and without pre-resection embolization or radiotherapy. Macrophage inhibitory factor [7] and NF-kappaB [8] are both upregulated in lesional endothelial cells and macrophages. Several inflammatory gene promoter polymorphisms associated with increased cytokine elaboration have been associated with increased risk for ICH, e.g., interleukin-6 with index (presenting) ICH [9] , and interleukin-1ß and TNF-α with natural history ICH, i.e., ICH after diagnosis but before any treatment [10, 11] . Given a strong potential link between inflammation and the risk of bAVM hemorrhage, a noninvasive means to detect inflammation could be of value for identifying bAVM at risk for hemorrhage.
Ferumoxytol (AMAG Pharmaceuticals, Lexington, MA), an iron oxide nanoparticle coated by a carbohydrate shell, is gaining recognition for its use as an imaging agent for inflammation and also as an intravascular imaging agent [12] . As one of the nanoparticles known as ultrasmall superparamagnetic iron oxide (USPIO), ferumoxytol was originally developed as a drug to treat iron deficiency anemia in patients with chronic renal failure. The FDA approved this application in 2009 [13] .
Ferumoxytol's clearance by reticuloendothelial system macrophages changes the magnetic properties of the macrophages such that these macrophages can be imaged with MRI, which has led to its proposed use as an inflammation-imaging agent [14] . Ferumoxytol is superparamagnetic and, as such, appears hypointense on T2*-weighted sequences and hyperintense on T1-weighted sequences. The iron particles can be phagocytized by mononuclear cells, but ferumoxytol accumulation in the interstitial (extracellular) space might also play an important role in signal change in T2*-weighted images. Ferumoxytol uptake into tissue can be visualized within 24 h. Prior studies have suggested maximum enhancement intensity of ferumoxytol at around 24 h [14] [15] [16] . The intravascular half-life of ferumoxytol is in the range of 10-14 h [12, 17] and may be dose-dependent. It is less clear how long intravascular tracer persists to an extent which would prevent interpretation of parenchymal or vascular wall localization, particularly in bAVMs. Although USPIO-enhanced MRI shows promise for localizing inflammatory cells in vascular disease states such as atherosclerotic plaques [18] , it has not been described for imaging bAVMs. We recently reported a pilot study colocalizing T2* gradient echo MR signal loss at 72 h after infusion of 5 mg/kg of ferumoxytol to Prussian blue and CD68 staining the ferumoxytol nanoparticles within the macrophages in the wall of resected intracranial aneurysm domes [19] . Extrapolating from that study, we hypothesized that ferumoxytol-enhanced MRI could demonstrate macrophage phagocytic activity as an index of inflammation in bAVM tissue.
Methods
After institutional approval at UCSF and the University of Iowa, patients gave informed consent between January and September of 2011 to undergo ferumoxytol-enhanced MRI. All patients were ambulatory adults with no history of allergy or hypersensitivity to iron or dextran or ironpolysaccharide preparations, without contraindication to MRI, normal renal and hepatic function, normal iron status, and were not receiving combination antiretroviral therapy. Patients A and B were recruited at the University of Iowa, patients C and D at UCSF. Patients underwent baseline imaging followed by immediate injection of ferumoxytol. Delayed imaging was carried out either 1 or 5 days after injection. MR sequences were the same for each imaging session at each site.
At UCSF, MR imaging was completed on a Philips 1.5 T Intera system. Patients completed a baseline MRI consisting of time-of-flight (TOF) angiography, T1-weighted black blood imaging and a T2* GE sequence. The TOF angiographic sequence was collected using a 3D multislab technique with the following parameters: TE06.9 ms, TR023 ms, field-of-view0 200 × 200 × 50 mm, matrix 0256 × 256 × 50, bandwidth 0 165 Hz/pixel. Two slabs were collected with a 20 % overlap. The T1-weighted sequence was sequential single slice 2D fast spin echo sequences with double inversion recovery for blood suppression with the following parameters: TE023 ms, TR0 680 ms, and an echo train length of 7. The T2*-weighted sequences were collected using a 2D gradient-echo sequence with the following parameters: TR/TE0680/23 ms, flip angle0 20, FOV0240×240, matrix0256×256, slice thickness/gap0 2.4/1.0 mm, bandwidth0260 Hz/pixel, NEX03.
At the University of Iowa, MR imaging was completed on a Siemens 3 T TIM Trio system. Patients completed a baseline MRI consisting of TOF angiography and T2* GE sequences. The TOF angiographic sequence was collected using a 3D multislab technique with the following parameters: TE0 3.6 ms, TR 020 ms, field-of-view 0200 × 200 × 200 mm, matrix0384×384×20, bandwidth0165 Hz/pixel. Four slabs were collected with a 20 % overlap. The T2*-weighted sequence was collected using a 2D gradient-echo sequence with the following parameters: TE020 ms, TR0500 ms, flip angle020, FOV0220×220, matrix0512×384, slice thickness/gap03.0/0.3 mm, bandwidth0260 Hz/pixel.
One case (Case C) underwent microsurgical resection of the bAVM. We performed hematoxylin and eosin, CD 68 and Prussian blue staining as previously described [6, 19, 20] .
Results
The four patients included in the study are summarized in Table 1 , and the imaging findings are shown in Table 2 . Patient A and B (Iowa) were both imaged at 24 h and Fig. 1A and B. Figure 1C shows the angiogram in 2010 after two courses of gamma knife in 2002 and 2007. In 2010, patient C underwent microsurgical resection, 19 days after receiving the ferumoxytol injection. A paraffin block was available for examination. Figure 1D and E shows hematoxylin and eosin staining of the lesion; the thickened vessels are consistent with prior radiosurgery. There were rare hemosiderin clusters noted (not shown). There was a prominent infiltration of inflammatory cells of all types. Figure 1F , G, and H shows CD68 staining consistent with macrophage infiltration into the vascular walls. There were only sporadic Prussian blue-positive clusters ( Figure 1I and J) . In Fig. 4 , panels B and C correspond to magnified panels E and F, respectively. On the 5-day postferumoxytol images, there appears to be greater signal loss in the normal cortical vasculature, although signal loss in the sagittal sinus is not apparent. This case is remarkable, however, for what appears to be a clear pattern of signal loss conforming to the vascular walls of the intranidal vessels.
Discussion
This report provides proof-of-principle that macrophage infiltration in the bAVM nidus appears amenable to clinical imaging using the USPIO agent, ferumoxytol. Having an in vivo, noninvasive means of assessing macrophages presents several opportunities for study. The multiple lines of evidence that inflammation is an important component of the lesional phenotype of bAVM may indicate that inflammation may play Several useful points come from this preliminary pilot study that can help guide future studies. Because there appears to be some unpredictable difference among patients in how fast intravascular tracer is cleared, it may be useful to scan patients immediately after ferumoxytol injection, to test how the intravascular compartment appears without the anticipated parenchymal or vascular wall signal loss that will be seen at the delayed imaging time point. For this purpose, probably a small portion of the total injected ferumoxytol could be given first for this purpose to avoid extensive blooming artifacts. Another point that will need to be validated is that, even with persistent intravascular tracer, it may still be possible to discern vascular wall localization such as that seen in Case D. A comparison to histological examination will be needed for this conclusion, however.
We were able to demonstrate CD68 positive cells consistent with macrophage infiltration in Case C. Additional studies will need to compare macrophage infiltration in resected surgical specimens with the MRI patterns to determine the sensitivity and specificity of ferumoxytol imaging. If tissue can be examined relatively quickly after imaging, it is possible to use Prussian blue to document the extent of ferumoxytol uptake and assess its colocalization with CD68 staining if the biopsy is within several days after injection [14, 19] . Our resected case was imaged 19 days postinjection, by which time the inert dextran-coated USPIO particles were no longer resident at the site of inflammation.
Imaging subtle changes in the bAVM may be challenging because of the high blood volume of the nidus with its dense vascular network. Residual intravascular ferumoxytol signal loss may confound interpretation by making it difficult to differentiate USPIO particles that are still in the intravascular compartment from those that have been phagocytized by cells in the vascular wall or intervening stromal tissue. Our study suggests that 24 h is insufficient time for clearance of tracer from the intravascular compartment. Both cases imaged at 5 days demonstrated signal loss in nidal structures consistent with ferumoxytol localization, but only one had minimal signal loss in uninvolved cerebral vessels distant from the nidus. It is not clear why there was still apparent signal loss in the normal vasculature distant from the lesion in case D, considering that sagittal sinus did not show increased signal loss. Given the 10-to 14-h half-life of ferumoxytol [12] , sufficient time for clearance of intravascular tracer should have elapsed. Although speculative, some degree of increased leak or inflammatory involvement of distant vessels might explain the observed pattern. Subsequent experimental protocols will likely employ at least a 5-day delay after injection of ferumoxytol before attempting to image tissue uptake.
This study is limited by its small size, its use of two different protocols, and its use of two different magnet strengths. Further, two of the cases (patients C and D) with informative imaging findings had undergone prior treatment. Accordingly, inflammatory changes in these lesions cannot be uniquely attributed to the natural history of the bAVM. Nonetheless, the extent of macrophage infiltration seen in the CD68 staining in Fig. 1 is grossly similar to the extent of inflammatory cell infiltration that we noted in unruptured lesions coming to surgery without prior embolization or radiosurgery [1, 6] . Our results are descriptive; Arrows indicate areas of nidus with signal loss within discrete areas of the vascular walls, consistent with uptake of USPIO methods to quantify the degree of USPIO uptake in AVM will need to be developed and validated. Nonetheless, this study demonstrates the ability to image what probably represents USPIO phagocytized by macrophages, relative to normal, uninvolved, and uninjured tissues using a standard clinical dose of ferumoxytol. We also could not address safety issues in this pilot study, both in terms of possible adverse effects of iron overload or the potential for residual tissue iron confounding subsequent clinical MR examinations.
It is currently not precisely understood how USPIOs move out of the intravascular space. The USPIOs could be engulfed by monocytes while still in the intravascular compartment or in the process of moving through the capillary wall, or there could be direct transfer of the virus-sized particles through the endothelium by transcytosis or some paracellular route, followed by phagocytosis by macrophages already present in the tissue [14, 21] . Also, a defective blood-brain barrier might allow direct passage of particles into the tissue, as has been observed for brain tumors [22] .
We recently reported that there is a high prevalence of silent intralesional microhemorrhage (SIM) in bAVM, roughly 30 % in unruptured and 50 % in ruptured cases, based on histopathological examination of resected tissue to determine microscopic evidence of hemosiderin [20] . In that study, there was a strong correlation between macrophage infiltration and presence of hemosiderin. Both microhemorrhage and macrophage infiltration appeared in most cases to be immediately perivascular and, in many instances, within the walls of the bAVM vessels, similar to Fig. 1F-H . The ferumoxytol-associated signal loss seen in Fig. 4F from patient D corresponds to this pattern and appears to reside within the wall itself, although we could not independently confirm the localization with histology. There is the possibility that the signal loss could be due to marginated monocytes at the endothelial surface, as we could not verify that the observed signal loss corresponds to histological evidence of macrophage infiltration, but this seems less likely. However, since the signal loss was only present after ferumoxytol administration, it represents new iron that was not present at baseline. Since it is relatively unlikely that a new hemorrhage occurred within the 5 days between ferumoxytol and delayed imaging, this signal loss most probably represents ferumoxytol localization in the vascular wall rather than a prior microhemorrhage.
Summary
This pilot, proof-of-principle study suggests that a dose of 5 mg/kg of ferumoxytol and imaging at 5 days postinjection using T2* GE MRI may be an appropriate starting point to develop this imaging method in the setting of bAVM to image macrophage infiltration of the vascular structures of the nidus. However, additional studies are necessary to demonstrate colocalization of USPIOs within macrophages and to optimize dose and timing parameters. This method shows excellent promise for developing an empirical marker of lesional inflammation to study the natural course of the disease and possibly bAVM rupture risk. In addition, it may be possible to use macrophage burden as a surrogate endpoint in the development of pharmacological agents to lower spontaneous rupture risk.
